Background: Base J regulates Pol II transcription in trypanosomatids and is synthesized in two steps involving DNA hydroxylation and glucosylation. Results: JGT catalyzes the transfer of glucose from uridine diphosphoglucose to hmU in DNA. Conclusion: JGT is the glucosyltransferase involved in base J synthesis. Significance: JGT is the first known glucosyltransferase that modifies eukaryotic DNA.
half of the protein (10, 16 -18) . JBP2 does not bind the modified base directly, but is able to bind chromatin in a base J-independent manner, presumably via the C-terminal SWI2/SNF2 domain (9) . Although both JBP1 and JBP2 stimulate de novo thymidine hydroxylation in vivo, the ability of JBP1 to bind J-DNA is thought to play a role in J propagation/maintenance (9, 14, 19) . Deletion of either JBP1 or JBP2 from the bloodstream form T. brucei results in a 20-and 8-fold reduction in the levels of base J, respectively (10, 14, 20) . The simultaneous deletion of both JBP1 and JBP2 yields a cell line that is unable to synthesize base J unless cells are fed hmU (14) . Finally, using recombinant protein produced in Escherichia coli, we demonstrated that JBP1 stimulates the hydroxylation of thymidine in the context of dsDNA in a Fe 2ϩ , 2-oxoglutarate-, and O 2 -dependent manner (15) . These data confirm the identity of JBP1/2 as the thymidine hydroxylases catalyzing the first step of base J synthesis and that this step is independent from the subsequent step of glucose conjugation.
As reviewed in Borst and Sabatini (8) , attempts to identify the GT involved in the synthesis of base J have been unsuccessful. However, a recent bioinformatic study identified a possible candidate GT in trypanosomatids (21) . Examining biochemical pathways for DNA modifications, Iyer et al. (21) identified a GT-A-like glucosyltransferase with an operonic association to a JBP-related gene within several phage genomes. The authors postulate that because operons contain functionally related genes, these TET/JBP-associated glycosyltransferases glycosylate substrates generated by the JBP-like enzymes. Multiple sequence alignment showed that the TET/JBP-associated glycosyltransferases, including the kinetoplastid homologs, possess many of the structural elements and catalytic residues characteristic of the Rossmannoid nucleotide-diphosphosugar binding fold typical of the GT-A/fringe superfamily (21) .
We now show the first functional analysis of the T. brucei TET/JBP-associated glycosyltransferase homolog and refer to it as base J-specific GT (JGT). Our in vitro assays show that recombinant JGT utilizes UDP-Glc to transfer glucose to dsDNA substrates containing hmU. Mutation of conserved residues in the catalytic domain of the GT-A fold in JGT impairs DNA glucosylation. In vivo, deletion of both JGT alleles in T. brucei results in the complete loss of base J. Reintroduction of an ectopically expressed, HA-tagged JGT in the JGT KO restores base J synthesis. RNAi knockdown of JGT led to a sequential reduction in base J and increased levels of hmU and 5-formyluracil (fU) in the T. brucei genome in a time-dependent manner. The analyses of JGT function in vivo not only confirm its identity and the two-step base J synthesis model but also indicate that it is the only GT catalyzing the second step of base J synthesis. These studies also suggest the ability of the JBP enzymes to convert hmU to fU. Here we discuss the regulation and consequence of the oxidation and glucosylation of hmU in the trypanosome genome by JBP and JGT.
EXPERIMENTAL PROCEDURES
Trypanosome Cell Culture and Generation of T. brucei Transfectants-The bloodstream form T. brucei cell line strain 427 and the 90 -13 RNAi cell line were cultured in HMI9 medium supplemented with 10% heat-inactivated fetal bovine serum and 10% serum plus as described previously (9) . 90-13 cells were cultured in the presence of 2.5 g/ml neomycin and 5 g/ml hygromycin to maintain the intergrated genes for T7 RNA polymerase and the tetracycline repressor, respectively. Transfections of bloodstream form T. brucei were essentially carried out as described previously (14) .
Generation of the JGT Knockout-Constructs used to generate JGT knockout lines contain either a hygromycin phosphotransferase (Hyg) gene (pTub-Hygro) or a blasticidin S deaminase (BSR) gene (pTub-Blast). The T. brucei JGT-flanking regions used to target each allele were PCR-amplified from T. brucei 427 genomic DNA. The 611-bp fragment corresponding to the 5Ј flank was PCR-amplified using the sense primer 5Ј-GCGGCCGCCGGCACTGACGATCTTACAT-3Ј (the NotI site is underlined) and the antisense primer 5Ј-GGATCCC-ACATAATATAGCGCCACACATTC-3Ј (the BamHI site is underlined). The resulting PCR products were cloned into the pTub-Hygro and pTub-Blast vectors digested with NotI and BamHI. The 595-bp fragment corresponding to the 3Ј flank was PCR-amplified using the sense primer 5Ј-AAGCTTTGCAGA-TGGCGTGTTTCT-3Ј (the HindIII site is underlined) and the antisense primer: 5Ј-CTCGAGACGTGTGCCTAATACACT-TACC-3Ј (the XhoI site is underlined) and cloned into the pTub-Hygro construct. For the pTub-Blast construct, the 3Ј flank was generated using the sense primer 5Ј-GGGCCCTGC-AGATGGCGTGTTTCT-3Ј (the ApaI site is underlined) and the antisense primer 5Ј-GGGCCCAAGCTTACGTGTGC-CTAATACACTTACC-3Ј (the ApaI site is underlined). The resulting PCR product was cloned into the ApaI-digested pTub-Blast vector. The pJGT-Tub-Hygro knockout construct was digested with NotI and XhoI, and the pJGT-Tub-Blast knockout construct was digested with NotI and HindIII prior to transfection. Transfectants were selected for resistance at 5 g/ml hygromycin and 5 g/ml blasticidin. Two rounds of transfection were used to replace both JGT alleles. The correct integration of the KO constructs and deletion of the JGT ORF was confirmed by PCR.
Re-expression of HA-tagged JGT-To allow ectopic expression of HA-JGT fusion, we utilized a modified ptub-phleo construct (22) that contains the enhanced green fluorescent protein ORF cloned between the tubulin flanking sequences. A 2012-bp PCR product corresponding to the T. brucei JGT ORF was PCR-amplified using the sense primer CCTGCAGGATG-GCTTACCCATATGATGTTCCAGATTACGCTGGAG-GTCCAAGTGAGGGGAAG (the SbfI site is underlined and sequence coding for the HA tag is shown in boldface) and the antisense primer GGCGCGCCTTAGTCTGCCTGCGAC-CCTCC (the AscI site is underlined) and cloned into the ptub-GFP vector digested with SbfI and AscI. Insertion of the HA-JGT PCR product in the place of EGFP now allows expression of HA-JGT N terminus fusion protein after integration into the tubulin array. The final construct (HA-JGT-tub-phleo) was digested with XbaI and XhoI before electroporation, and transformants were selected for resistance to 2.5 g/ml phleomycin.
JGT RNAi-To allow Tet-inducible ablation of the T. brucei JGT mRNA, the pZJM-JGT RNA interference construct was generated by inserting a 524-bp portion of the JGT ORF into the XhoI and HindIII sites of the RNAi vector pZJM (23) . A 524-bp frag-ment of the coding sequence of the JGT gene (tb427.10.6900) was amplified from T. brucei 427 genomic DNA using the sense primer CTCGAGGTGAATGTGTATGCCAACGC (the XhoI site is underlined) and the antisense primer AAGCTTTTGTTCT-GCTGGCAGATGTC (the HindIII site is underlined) and cloned into the XhoI-and HindIII-digested pZJM vector. The resulting construct, pZJM-JGT, was digested with NotI prior to transfection. Transfectants were selected for resistance at 2.5 g/ml phleomycin.
Determination of the Genomic Level of J-To quantify the genomic J levels, DNA was isolated and utilized in the anti-J DNA immunoblot assay as described previously (24) . Briefly, serially diluted genomic DNA was blotted to nitrocellulose, followed by incubation with anti-J antisera. Bound antibodies were detected by a secondary goat anti-rabbit antibody conjugated to HRP and visualized by ECL. The membrane was stripped and hybridized with a probe for the ␤-tubulin gene to correct for DNA loading.
Quantitative Reverse Transcription PCR-Total RNA was obtained using Qiagen RNeasy kits according to the instructions of the manufacturers. First-strand cDNA was synthesized from 1 g of total RNA using an iScript cDNA synthesis kit (Bio-Rad) according to the instructions of the manufacturer. Heat-inactivated cDNA reaction mixtures were finally treated with RNase H at 37°C for 45 min. Quantification of selected genes was performed on an iCycler with an iQ5 multicolor realtime PCR detection system (Bio-Rad). The reaction mixture contained 5 pmol of forward and reverse primer, 2ϫ iQ SYBR Green Super Mix (Bio-Rad), and 2 l of template cDNA. Standard curves were prepared for each gene using 5-fold dilutions of a known quantity (250 ng/l) of genomic DNA from wildtype T. brucei DNA. The quantities were calculated using iQ5 optical detection system software. Each sample was normalized to enolase mRNA. The primer sequences utilized in this analysis were as follows: JGT, 5Ј-CCTGACTGAGAACCCTTACTTC-3Ј (sense) and 5Ј-GGCACGTGTGACCATATACA-3Ј (antisense); JBP1, 5Ј-GTGTCCTAGCTGTGCTCAAA-3Ј (sense) and 5Ј-CA-GGTGCGTATCGAAGAGTAAG-3Ј (antisense); JBP2, 5Ј-CCT-TCCACCTTTGTGTATTCCT-3Ј sense) and 5Ј-CAACCGTCT-CCTTCCTTGATAC-3Ј (antisense); enolase, 5Ј-GGCCTGCAA-CTCTCTTCTAC-3Ј (sense) and 5Ј-CATCACTGACCAGCCA-TTCT-3Ј (antisense).
Preparation of Recombinant JGT-
The open reading frame of T. brucei JGT (Tb927.10.6900 TriTrypDB) was codon-optimized for E. coli expression and cloned into pET16b expression vector by GeneArt. The codon-optimized JGT nucleotide sequence is available upon request. The final construct was Tb-JGT-pET16b. Expression and purification of the N-terminal His 10 -tagged Tb-JGT was performed with BL21-Codon-Plus(DE3)-RIL-competent cells (Agilent). Briefly, freshly transformed bacterial cell cultures were induced at A 600 nm 0.4 -0.6 with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 16 h at 16°C. Cell pellets were washed in 50 mM Hepes (pH 7.5), 300 mM NaCl, 10 mM ␤-mercaptoethanol, and 100 mM PMSFand then flash-frozen and stored at Ϫ70°C until purification. Cells were lysed and sonicated in lysis buffer (50 mM Hepes-NaOH (pH 7.5), 300 mM NaCl, 10 mM ␤-mercaptoethanol, and 10% glycerol) with protease inhibitors (aprotinin, leu-peptin, pepstatin, PMSF, and EDTA-free complete protease inhibitor; Roche). Cell lysates were clarified at 31,000 ϫ g for 20 min at 4°C. Recombinant JGT was affinity-purified with Talon resin (CloneTech) at 4°C for 1 h, washed with 600 mM NaCl lysis buffer in a batch, and eluted by gravity column with 150 mM imidazole lysis buffer. Purified protein was concentrated by Centricon (Millipore) and visualized by colloidal blue-stained SDS-PAGE and anti-His Western blot analysis. JGT concentration was estimated on the basis of mass spec analysis indicating the ratio of JGT and DnaK in the purified sample and comparison to BSA standards on Coomassie-stained SDS-PAGE.
Mutagenesis of the T. brucei JGT was achieved using the Q5 site-directed mutagenesis kit (New England Biolabs). As a template for the PCR Tb-JGT-pET16b construct, the following primer pairs were used: r(80)a, 5Ј-GAGCAAAGGTgcaTTTT-ATCATGAACGTGGC-3Ј (forward) and 5Ј-GGAACAAAAA TCGGAACAG-3Ј (reverse); d241a, 5Ј-TGGGTTATGGcTG-ATGATATCG-3Ј (forward) and 5Ј-ATACCACTGTGCTGC-ATG-3Ј (reverse); and d243a, 5ЈATGGATGATGGcTATCGC-CAAATTTTTC-5Ј (forward) and 5Ј-AACCCAATACCACT-GTGC-3Ј (reverse). Nucleotides shown in lowercase indicate altered amino acids to yield a point mutation. The mutated construct was verified by DNA sequencing and utilized as described above for expression and purification.
In Vitro Glucosylation Assay-A standard glucosylation assay consisted of 88 M UDP-[ 3 H]glucose (specific activity 45Ci/mmol), ϳ0.05 M recombinant JGT, and 100 M DNA containing four hmU residues in buffer (50 mM potassium acetate, 20 mM Tris acetate, 10 mM manganese acetate, and 1 mM DTT (pH 7.9)). Reaction mixtures were incubated at 37°C for 30 min, and the reaction was stopped by addition of 10 l of 400 M cold UDP-glucose and flash-freezing in liquid nitrogen for processing. The reaction mixtures were thawed and applied immediately to a 2.5-cm DE81 membrane (GE Healthcare, catalog no. 3658-325) under air pressure using a vacuum manifold. The filters where then washed in 3 ϫ 2 ml of 0.2 M ammonium bicarbonate, 3 ϫ 2 ml of water, and 3 ϫ 2 ml of 100% ethanol. Membranes were air-dried and placed in scintillation vials containing 5 ml of scintillation fluid. The solution was mixed, and tritium incorporation was measured for 1 min. All glucosylation reaction values were corrected for nonspecific binding of UDP-[ 3 H]glucose to the filters. Background values were determined using reactions performed in the absence of enzyme but in the presence of UDP-[ 3 H]glucose.
Oligos modified with hmU (H) (ACCCHAACCCHAACCCH-AACCCHA) and an unmodified (thymidine) control (ACCCTA-ACCCTAACCCTAACCCTA) were hybridized to complementary oligo (TAGGGTTAGGGTTAGGGTTAGGGT), synthesized by Integrated DNA Technologies to generate hmU modified and unmodified dsDNA substrates, respectively. DNA duplexes were made by boiling complementary oligos for 10 min and allowing them to cool overnight.
Western Blotting-Proteins from 3 ϫ 10 7 cell equivalents were separated by SDS-PAGE 8% gel, transferred to nitrocellulose, and probed with anti-HA antibody (Santa Cruz Biotechnology, catalog no. SC-805) (1:1000 dilution), anti-histone H3 (Abcam, catalog no. ab8580) (1:2500 dilution) or anti-JBP2 antibody, as described previously (19) . Bound antibodies were detected by a secondary goat anti-rabbit antibody conjugated to HRP and visualized by ECL.
Detection of Base J, hmdU, and fdU by Mass Spectrometry-To minimize artificial DNA oxidation, a modified procedure was used to isolate total genomic DNA for LC/MS analysis. Briefly, T. brucei cells were pelleted, washed in 1ϫ PBS, and then resuspended in lysis buffer (1% SDS, 25 mM EDTA, 0.4 M NaCl, 50 mM Tris-HCl (pH 7.9), and 400 g/ml proteinase K) and incubated at 37°C overnight. 5 M NaCl was then added and centrifuged to remove protein and cell debris, and DNA was precipitated with cold 100% ethanol. Purified genomic DNA from the indicated trypanosome cell lines was digested to nucleosides and subjected to LC/MS analysis. 4 Briefly, DNA was digested to nucleosides as described previously, and isotopically labeled 5-hydroxymethyl-2Ј-deoxyuridine (hmdU) was added to the final mixture (25) . Prior to digestion, single-stranded oligodeoxynucleotides housing 5-((␤-D-glucopyranosyloxy)-methyl)cytidine (glc-hmdC) was added to the sample to provide a surrogate internal standard for LC-MS/MS quantification of 5-((␤-D-glucopyranosyloxy)-methyl)-uridine (dJ). The target nucleosides, dJ, glc-hmdC, and hmdU, were enriched via offline HPLC and collected separately for subsequent LC-MS/MS measurement. LC-MS/MS analysis of dJ and glc-hmdC was conducted on an LTQ XL linear ion trap mass spectrometer equipped with a nanoelectrospray ionization source coupled to an EASY-nLC II system (Thermo Fisher Scientific, San Jose, CA). The enriched fraction containing hmdU was separated on an Agilent 1200 capillary HPLC, and the eluent was directed to an LTQ linear ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) following procedures reported previously (25) .
For LC-MS/MS/MS quantification of fdU in the genome, 250 fmol of [1,3-15 N 2 -2Ј-D]-5-fdU was added to the enzymatic digestion mixture of 1 g of genomic DNA. The chemical synthesis of the labeled 5-hmdU and 5fdU standards is described in Ref. 26 . To improve the detection limit of fdU in positive-ion electrospray ionization (ESI)-MS, the digested DNA was then derivatized with Girard reagent T to form a hydrazone conjugate harboring a precharged quaternary ammonium moiety, as reported previously (27) . The nucleoside mixture containing unlabeled and isotope-labeled fdU-GirT hydrazone was subsequently extracted with chloroform to remove the enzymes, and the aqueous layer was subjected to LC-MS/MS/MS analysis.
Microscopy-The detection of HA-JGT expressed in the T. brucei JGT Ϫ/Ϫ was performed by anti-HA immunofluorescence analysis. Cells were fixed in 1% paraformaldehyde for 5 min on ice and then washed in HMI9 medium (without serum additives). Samples were applied to slides and allowed to airdry. Slides were then blocked in 20% FBS in PBS for 30 min. Slides were incubated with anti-HA antibody (Covance, catalog no. MMS-101R) (1:100 dilution), followed by Alexa Fluor 594 goat anti-mouse antibody (Invitrogen, catalog no. A21125) (1:500 dilution). Images were acquired using an Axioobserver Z1 equipped with an Axiocam MRm camera controlled by Axiovision version 4.6 software.
RESULTS
JGT Is a Glucosyltransferase Utilizing UDP-Glucose to Transfer Glucose to hmU-The putative base J-specific GT encoded in the trypanosomatid genome contains many of the structural elements and catalytic residues characteristic of the Rossmannoid nucleotide-diphospho-sugar binding fold typical of the GT-A/fringe superfamily (21) (Fig. 1B) . Common features of the GT-A domain that are found in JGT include a positively charged residue (Arg-80) and a "DXD" (here DDD) motif that are typically involved in nucleotide sugar binding (28 -30) . To test whether the JGT protein possessed glucosyltransferase activity, the T. brucei JGT was cloned and expressed in E. coli to produce recombinant protein with an N-terminal histidine tag (Fig. 1C ). Using the purified recombinant enzyme fraction, we are able to show that JGT is able to utilize UDP-glucose to transfer glucose onto dsDNA substrates containing hmU (Fig.  1D) . We see little transfer using the same DNA substrate with unmodified Thr residues instead of hmU. Alanine substitution of Arg-80, Asp-241, and Asp-243 (within the DXD motif) caused a significant reduction in in vitro GT activity (Fig. 1E ). Alanine substitution of equivalent conserved (Asp) residues in other GTs resulted in similar reductions in activity (31, 32) . Thus, elimination of one critical residue may not necessarily result in the complete loss of substrate binding. These data not only demonstrates that the JGT possesses glucosyltransferase activity but that UDP-glucose is the sugar donor and that hmUmodified DNA is a substrate for the enzyme. JGT is also predicted to be an inverting enzyme consistent with the structure of base J.
JGT Is the Glucosyltransferase Involved in Base J Synthesis in Vivo-To investigate whether JGT is involved in the synthesis of base J, we deleted both alleles of JGT from bloodstream form T. brucei. Loss of JGT mRNA was confirmed using quantitative reverse transcription PCR analysis ( Fig. 2A ). J levels in the genomic DNA of JGT Ϫ/ϩ and JGT Ϫ/Ϫ cells were examined using an anti-base J dot blot. Although the deletion of one allele decreased the levels of J in the genome, the deletion of both alleles of JGT resulted in the complete loss of J synthesis (Fig.  2B) , as confirmed by LC-MS/MS analysis ( Fig. 2C and Fig. 3 ). In this regard, we observed a peak in the selected ion chromatograms for monitoring the m/z 420 3 304 transition for glc-hmdC and the m/z 421 3 125, 143 transition for dJ ( Fig. 3) . The former transition is due to the cleavage of the N-glycosidic linkage in the [MϩH] ϩ ion of glc-hmdC (m/z 420). The collisional activation of the [MϩH] ϩ ion (m/z 421) of dJ again leads to the facile cleavage of the N-glycosidic bond to yield the ion of m/z 305, which can further eliminate a glucose or part of the glucose (C 6 H 10 O 5 ) to give fragment ions of m/z 125 and 143, respectively. To confirm that the reduction and loss of base J was caused by the loss of the JGT protein, an HA-tagged version of JGT was re-expressed in the JGT Ϫ/Ϫ cell line from the tubulin locus (Fig. 2, A and D) . Upon re-expression, JGT localizes to the nucleus ( Fig. 2E ) and restores J synthesis (Fig. 2B) . Taken together, these results clearly identify that JGT is the GT involved in the synthesis of base J in T. brucei.
According to the two-step model of base J synthesis (Fig. 1A) , the GT modifies hmU generated by the thymidine hydroxylase (JBP1/2). We have shown here that JGT can utilize hmU-DNA in vitro (Fig. 1D ). Therefore, we might expect an increase in hmU levels in the genome upon loss of JGT in vivo. However, unexpectedly, we did not detect an increase but, rather, a slight decrease in hmU levels in JGT Ϫ/Ϫ compared with WT T. brucei (Fig. 2C) . One possible explanation is that JGT loss leads to altered levels or activity of JBP1/2. Although we lack antisera against JBP1, we detected no change in JBP2 levels upon deletion of JGT by Western blot analysis (data not shown).
Although it is possible that JGT somehow stimulates JBP hydroxylase activity, a more feasible explanation for the lack of hmU accumulation upon the loss of GT is that the intermediate is subsequently shunted to the formation of additional base analogs. The mammalian JBP/TET enzymes (TET1-3) func-tion in the demethylation pathway in which 5-methylcytosine can be hydroxylated iteratively to 5-hydroxymethylcytosine (hmC), 5-formylcytosine, and 5-carboxycytosine (33, 34) . Potentially, JBP1/2 function in a similar manner, and accumulation of hmU in trypanosome DNA is prevented via conversion to fU and 5-carboxyluracil. To test this hypothesis and more closely investigate the role of the JGT in base J biosynthesis, we took advantage of the inducible RNAi system in T. brucei. As expected, RNAi-mediated ablation of JGT results in decreasing levels of base J over an ϳ3-day time period (Fig. 4, A-C) . LC-MS/MS/MS analyses indicated an initial increase in hmdU during the RNAi time course, followed by decreased levels by day 3.5 (Fig. 4C) . These results indicate that hmU does increase following the loss of JGT but that it is rapidly lost. The detection (48) . Because DnaK runs at the same location as JGT on the SDS-PAGE gel, protein concentration was measured using a combination of SDS-PAGE and a bovine serum albumin standards and anti-His Western blot analysis as described under "Experimental Procedures." The Western blot analysis indicates that the lower molecular weight proteins are degradation products of JGT. D, in vitro GTase reaction. Recombinant JGT and UDP-[ 3 H]glucose were incubated with 20-nt-long, double-stranded DNA substrate containing four hmU molecules (ds hmU) or unmodified thymidines (ds T), as described under "Experimental Procedures." CPM , counts per million, indicative of the transfer of glucose to DNA, were read for each sample. All experiments were performed in triplicate, and error bars are representative of mean Ϯ S.D. E, equal amounts of recombinant WT JGT and r80a, d241a, and d243a point mutant JGT were assayed for transfer of [ 3 H]glucose from UDP-glucose to hmU-DNA as described above. The results are mean Ϯ S.D. of triplicates and expressed as percent activity relative to the WT control reaction. Bottom panel, anti-His Western blot analysis demonstrating that equal amounts of WT and mutant JGT enzyme were included in each assay. JULY 18, 2014 • VOLUME 289 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 20277 of a slight increase in fdU is consistent with the loss of hmdU occurring via conversion to fU (and other analogs).
Identification of the GT Involved in Base J Synthesis

DISCUSSION
Functional studies have established base J as an important regulatory epigenetic mark in trypanosomatids. Therefore, characterization of the enzymes and mechanisms regulating the modification of specific thymidine residues within key regulatory regions along the chromosome is critical for understanding the control of trypanosome gene expression.
Several lines of evidence support the hypothesis that base J is synthesized in DNA in two separate steps, as depicted in Fig.  1A . The specific localization of J within the kinetoplastid genome provides the strongest evidence that thymidine residues are modified in DNA rather than being synthesized and then incorporated during DNA replication (2, 4) . In contrast, when trypanosomes are grown in the presence of hmU, it is incorporated randomly into DNA and then converted to J. Furthermore, the expression of the mammalian base excision DNA repair enzyme SMUG1 leads to T. brucei cell death by excessive DNA repair, indicating that hmU is a freely accessible interme-diate in J biosynthesis (35) . The hmU intermediate is also detectable in trypanosome DNA by thin layer chromatography (15) and mass spectrometry. 4 We have recently shown the ability of JBP1 to oxidize Thr residues in dsDNA in vitro and regulate J synthesis in a DNA replication-independent manner in vivo (14, 15) . We now provide conclusive evidence for the twostep base J biosynthesis mechanism by identifying the base J-associated GT and demonstrating its ability to specifically modify hmU residues in dsDNA substrate in vitro and regulate base J synthesis in vivo. In contrast with the first step involving two distinct hydroxylases, JGT is the only glucosyltransferase involved in the second step of base J synthesis.
Glycosyltransferases catalyze the transfer of monosaccharide primarily from an activated sugar donor (UDP sugars) to various substrates, including carbohydrates, proteins, and glycoproteins (36) . Because they are central to all biosynthetic processes involving sugars, GTs are important targets for the development of novel drugs to help combat cancer as well as microbial infections (including parasitic diseases). JGT represents a unique glucosyltransferase in that it targets chromatinbound DNA and is localized to the nucleus. To date, no other enzyme with similar substrate (DNA) specificity has been described in eukaryotes. Interestingly, a mammalian homologue of JGT called GREB1 has also been identified in the aforementioned bioinformatic study (21) . GREB1 is an estrogen-responsive gene that has a largely unknown function but has been implicated in the proliferation of estrogen receptor-positive breast cancer cells (37, 38) . GREB1 localizes to the nucleus and has been found bound to chromatin, presumably functioning as a transcriptional coactivator of estrogen receptor-mediated transcription (39) . On the basis of the characterization of JGT presented here, an interesting possibility is that hmC present in the mammalian genome, generated by the TET enzymes, can be glucosylated by GREB1.
Glucosyltransferases that modify hmC have been described in other organisms, namely the ␤-glucosyltransferase present in T-even bacteriophages. T4 ␤-glucosyltransferase catalyzes the transfer of a glucose residue from UDP-glucose onto hmC, converting it to ␤-glycosyl-5-hydroxymethylcytosine (40, 41) . The resulting hypermodified base prevents the phage DNA from being degraded by bacterial restriction enzymes (42, 43) . T4 ␤-glucosyltransferase was the first GT x-ray crystal structure to be solved, in 1994, and is a founding member of the GT-B structural fold family of GTs (44) . Despite the broad similarity in substrate, JGT is predicted to have a GT-A structural fold, suggesting that there is no ancestral kinship between these two enzymes. A better understanding of GT enzymes, including JGT, and their mechanism of action in vivo and in vitro is essential for rational drug design as well as increasing our knowledge regarding overall glycosylation machinery. The identification of a novel nuclearly localized GT in early-branching eukaryotes will provide a critical boost in this direction.
Structure-function studies are underway to fully characterize the JGT enzyme. Of particular interest is clarifying the function of regions of JGT outside of the GT-A domain (see Fig. 1B ).
Metazoan TET proteins serially oxidize 5-methylcytosine to hmC, 5-formylcytosine, and 5-carboxycytosine, which function as stable epigenetic marks or as potential intermediates in the DNA demethylation pathway (33, 34) . In a recent study, we reported a reverse-phase HPLC coupled with tandem mass spectrometry (LC-MS/MS) method for the accurate detection of the nucleosides dJ and hmdU in T. brucei DNA. 4 As shown here, this method has indicated that a low but detectable level of fdU is present along with hmdU in the genome of T. brucei. This provided the first indication that JBP enzymes may catalyze three similar, iterative catalytic/oxidation cycles of thymine in trypanosome DNA. The in vivo analysis of JGT function in T. brucei further supports this hypothesis. We have demonstrated previously that both JBP1 and JBP2 can stimulate de novo synthesis of hmU, which is subsequently converted to base J (9, 14, 24) . Upon loss of JGT activity, we would expect de novo activities of JBP1/2 to modify the same sites as in WT cells but without having the hmU converted to J. Trypanosomatids lack DNA glycosylases (i.e. SMUG1) that recognize 5-hmU in DNA, and no activity against 5-hmU was detected in T. brucei extracts (35, 45) . Therefore, even in the absence of any propagation activity of JBP1 (because of the loss of base J), we would expect an increased level of hmU in the JGT KO genome. However, we were able to observe the transient nature of thymine modifications because base J synthesis was inhibited in a timedependent manner. During the time course of the RNAi ablation of JGT, the levels of hmU rise initially but then decrease concomitantly with an apparent small rise in fU levels. Although we have not ruled out the possibility that JGT somehow directly regulates JBP function, the results support the idea that, in the absence of JGT, sustained hmU accumulation is prevented by subsequent conversion to fU (and possibly 5-carboxyluracil) by JBP1/2.
In vitro studies of JBP1 function support the hypothesis that JBP enzymes act as TET enzymes by performing iterative hydroxylation reactions on modified substrates. Not only is JBP1 able to bind hmU-modified DNA (17) , but detection of hmU formation by JBP1 in vitro peaks early during the reaction but then decreases over time. 5 Although we acknowledge that further work is needed to conclusively demonstrate JBP-stimulated conversion of hmU to fU and 5-carboxyluracil, the data thus far allow us to propose a model where JBP and JGT compete for hmU substrate in the trypanosome genome for conversion to base J or additional base analogs (fU and 5-carboxyluracil).
The ability to genetically segment the base J synthesis pathway at the hydroxylation step and the glucosylation step provides the tools to specifically study these epigenetic markers. Interestingly, 5-formylcytosine and 5-carboxycytosine can significantly reduce the kinetics of yeast RNA polymerase II transcription, suggesting that these modifications play a role in splicing and termination (46) . The coregulation of base J and hmU synthesis by JGT and JBP enzymes in trypanosomatids is 5 L. Cliffe, J. Wang, Y. Wang, and R. Sabatini, unpublished observations. intriguing because the studies demonstrating the role of base J in Pol II transcription were performed by halting hmU synthesis via altering JBP function (5) (6) (7) . Future experiments utilizing the JGT KO cell line will allow us to address the specific role of hmU, fU, and base J in regulating Pol II kinetics and trypanosomatid gene expression.
Finally, the ability to delete JGT or both JBP thymidine hydroxylases from T. brucei is consistent with the non-essential nature of base J in this organism (4, 14, 15) . Although deletion of either JBP1 or JBP2 in T. cruzi and JBP2 in L. tarentolae results in similar reductions in J levels as seen in the T. brucei mutants, attempts to delete both JBPs have been unsuccessful, leading to the idea that base J is essential in these organisms (5, 20, 47) . However, chemical inhibition of JBP enzymes via a specific inhibitor (dimethyloxoglycine) reduces base J to extremely low levels without affecting cell growth (15) . Therefore, it is possible that JBP1/2 have additional functions outside of base J synthesis, explaining the apparent essential nature of these genes. With the identity of JGT, we can now directly address this conundrum in Leishmania major and T. cruzi.
